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The aim of this work was to investigate the efficiency of nitrogen removal from mu-
nicipal landfill leachate with a microbial culture in 3 L batch bioreactor. The microbial
culture, originating from landfill leachate, was prepared by an enrichment culture technique.
Organic compounds measured as chemical oxygen demand (COD) of 400–600 mg L–1
and high concentrations of ammonium nitrogen (NH4
+-N) 270–312 mg L–1 characterized
the landfill leachate as a mature leachate. The rate of ammonium nitrogen removal was
24.5 mg NH4
+-N L–1 h–1. Nitrification rate was 20.1 mg NOx
–-N L–1 h–1. Denitrification
was performed with the addition of sodium acetate as external carbon source in ratio C/N
2 and 4. Sodium acetate was insufficient for complete denitrification at C/N 2. Complete
denitrification at C/N 4 was performed at denitrification rate 8.3 mg NO3
–-N L–1 h–1.
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Introduction
The landfill leachate is a highly variable and
heterogenous mixture of high strength organic and
inorganic contaminants including, among others,
humic acids, xenobiotic organic compounds
(XOCs), ammonia nitrogen, heavy metals and other
inorganic salts.1 Due to the toxicity and potential
risk to surrounding soil, ground or surface waters,
landfill leachates become a major pollution hazard
and must be collected and appropriately treated be-
fore being discharged into the environment.2–8
Many factors affect the quality of leachate, such as
age, precipitation, seasonal weather variation, waste
type and composition.1,9 The chemical composition
of leachate varies greatly depending on the age and
maturity of the landfill site. An immature leachate
contains high strength organic compounds and am-
monia nitrogen, while a mature leachate contains
relatively low concentrations of degradable organic
matter but high concentrations of ammonia nitro-
gen.1,9 The ammonia nitrogen constitutes a major
long-term pollutant in landfill leachate.1 Biological
nitrogen removal through the process of nitrifica-
tion and denitrification is usually suggested for
treatment of landfill leachate with low COD/N ra-
tio.10–13 Ammonia nitrogen present in mature land-
fill leachate in high concentrations causes difficul-
ties in their biological treatment because of the in-
hibition of ammonia oxidizing and nitrite oxidizing
bacteria by free ammonia (FA) and nitrous acid
(FNA).14,15 Also, the low COD/N ratio, which is a
characteristic of mature leachate, reduces the effi-
ciency of denitrification due to the limited level of
biodegradable organics and a supplementary source
of organic carbon is required to ensure adequate
denitrification. Different external carbon sources
(acetate, methanol, ethanol, glucose, maltose and a
brewery yeast waste) have been tested for denitrifi-
cation.10–13,16–20
The aim of this study was to investigate the ef-
ficiency of biological nitrogen removal from mature
municipal landfill leachate. Also, the purpose of
this study was to determine the ability and activity
of microbial culture isolated from the environment
– leachate for the processes of nitrification and de-
nitrification. Because of no biodegradable organic
compounds in the leachate, sodium acetate as an
external carbon source was used for denitrification.
Materials and methods
Landfill leachate
The leachate used in this study had the typical
characteristics of a mature landfill. It was collected
from a municipal landfill, which was in operation
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from 1998 to 2008. The total average amount of
solid waste deposited in the landfill per year was
37325 m3. Periodically, the hazardous wastes were
dumped in the leachate area. The leachate was col-
lected monthly and stored in 10 L polyethylene
containers at 4 oC before use. The composition of
the leachate used in the experiments is shown in Ta-
ble 1. The BOD/COD ratio < 0.2 indicated that the
leachate was low in biodegradability. For that rea-
son, sodium acetate was added as a carbon source
for denitrification.
Microbial culture
In this study, for landfill leachate nitrification
and denitrification, a mixed microbial culture was
used. The mixed microbial culture was prepared by
an enrichment culture technique from landfill leach-
ate sludge collected from the channel through
which the landfill leachate flows.
The enrichment of mixed microbial culture was
performed in Erlenmeyer flasks (500 mL, with
working volume of 100 mL) on rotary shaker
(Certomat IS, B. Braun, Biotechnology Interna-
tional) at 150 rpm and room temperature, and with
landfill leachate as a source of ammonium nitrogen
(100 mg NH4+-N L–1). Every 3–4 days, about 15 %
of the biomass was inoculated into the landfill
leachate (100 mg NH4+-N L–1). After two months of
cultivation, the biomass as inoculum was prepared
and used in all experiments.
Batch bioreactor
Nitrification and denitrification experiments
were performed in laboratory-scale batch bioreactor
(volume of 3 L, working volume of 2 L). Dissolved
oxygen was supplied using porous diffusers, placed
at the bottom of reactor. For determining of dis-
solved oxygen (DO), pH and temperature, the elec-
trodes were placed into the bioreactor. After nitrifi-
cation, the aeration was stopped, biomass settled,
supernatant decanted and landfill leachate was
added and nitrification was repeated, or after nitrifi-
cation sodium acetate was added and denitrification
was performed at anoxic conditions. The anoxic
conditions were maintained by mixing. For de-
nitrification, different dosages of sodium acetate
were added. Sodium acetate dosage per nitrate con-
centration at the beginning of denitrification
was 4.95 and 9.9 mg COD per mg NO3–-N for C/N
ratio 2 and 4, respectively. All experiments were
performed with biomass concentration expressed
as MLSS approximately 1.6 g L–1. Experiments
were performed in triplicate and results were pre-
sented as mean values ± standard deviation. Also,
control experiments without inoculations were per-
formed.
Analytical methods
Total nitrogen (N-tot), ammonium nitrogen
(NH4+-N), nitrite nitrogen (NO2–-N), nitrate nitrogen
(NO3–-N) and phosphorous orthophosphate (PO4-P)
were analyzed photometrically (Merck Spectroquant®
Vega 400) with standard kits (Merck-Spectroquant).
COD was determined by closed reflux method
(5220 C), BOD by dilution method and biomass
concentrations were measured as mixed liquor sus-
pended solids (MLSS) by method 2540D, all in ac-
cordance with Standard Methods.21 The pH value
and temperature were measured using an electrode
connected to a pH-meter (WTW 320, Germany).
DO was determined by oximeter WTW oxi-320
(WTW, Germany). Concentrations of metals, total
PAHs, PCB, organochlorine pesticides, phenols and
mineral oils were determined according to the Cro-
atian legislation for wastewater.22 Before all analy-
sis, the samples were filtered through filter pore
size 0.45 m.
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T a b l e 1





















Total PAH/mg L–1 < 0.0002
BTEX/g L–1 < 5
PCB/g L–1 < 2
Organochlorine pesticides/g L–1 < 10
Phenols/mg L–1 0.016
Mineral oils/mg L–1 < 0.005
All calculations and data analysis were per-
formed in Microsoft Excel 2000 (9.0.3821 SR-1).
For all calculated reaction rates during nitrification
and denitrification the correlation coefficients were
higher than 0.98.
Results and discussion
The efficiency of biological nitrogen removal
from landfill leachate depends on various factors
such as landfill leachate composition, COD/N ratio,
biodegradable organic compounds, microbial cul-
ture composition and process parameters (dissolved
oxygen, pH, temperature, hydraulic retention
time).2,7,9–13,15–20
Nitrification
The characteristics of the investigated landfill
leachate were high concentrations of ammonium ni-
trogen (NH4+-N) and hardly or non-biodegradable
organic compounds. Ammonium is toxic to aquatic
species and causes eutrophication in natural water
environments and therefore must be eliminated
from wastewater.14
In this investigation, nitrification was achieved
during 14 hours (Fig. 1). Ammonium nitrogen was
oxidized for 10 hours with nitrite and nitrate accu-
mulation. By extended aeration (for the next 4
hours), the nitrite completely oxidized into nitrate
(Fig. 1).
Nitrification of landfill leachate is described as
a zero-order chemical reaction.12,14,19 The ammo-
nium nitrogen removal rate and the nitrification rate
were calculated by differential equation (1).
qN = ± dN/dt = ± kN (1)
Where:
qN – ammonium nitrogen removal rate or ni-
trification rate, mg NH4+-N L–1 h–1,
mg NO3–-N L–1 h–1
N – mass concentration of ammonium ni-
trogen or nitrate nitrogen at time t,
mg NH4+-N L–1, mg NO3–-N L–1
kN – ammonium nitrogen removal rate con-
stant or nitrification rate constant,
mg NH4+-N L–1 h–1, mg NO3–-N L–1 h–1
t – time, h
In the given equation, the sign (–) means a de-
crease in the ammonium nitrogen concentration and
sign (+) means an increase in the nitrate nitrogen
concentration.
Eq. (1) was solved and experimental data were
fitted to the eq. (2):
N = 0,N ± kN · t (2)
0,N – initial mass concentration of ammo-
nium nitrogen or nitrate nitrogen,
mg NH4+-N L–1, mg NO3–-N L–1
The rate of ammonium nitrogen removal was
24.5 mg NH4+-N L–1 h–1 (Fig. 1). The highest nitrite
concentration (63 mg NO2–-N L–1) was measured in
the 10th hour of nitrification, when all ammonium ni-
trogen was converted to NOx–-N (NO2–-N + NO3–-N)
and pH decreased (Fig. 2) to the lowest point, known
as the “ammonium valley”.15 This ammonium valley
on the pH-profile could be used to indicate the end of
nitritation – nitrite production.15 During nitrification,
the COD value remained unchanged (Fig. 2).
In the nitrification experiments, the total nitro-
gen loss was 14.5 % (Fig. 1). Literature reports that
part of the nitrogen is used for biosynthesis, strip-
ping and non-balanced nitrogen.3,12 The reported
values for nitrogen loss during mature landfill
leachate nitrification were 10–14 %.10,12
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F i g . 1 – Variations of ammonium nitrogen (NH4
+-N), ni-
trate nitrogen (NO3
–-N), nitrite nitrogen (NO2
–-N)
and total nitrogen (N-tot) during nitrification
F i g . 2 – Chemical oxygen demand (COD) and pH during
nitrification
During the additional 4 hours of aeration, the
nitrite oxidized into nitrate, and pH began to
increase (Fig. 2). After complete nitrification (in
the 14th hour), the concentration of NO3–-N was
228 mg L–1 (Fig. 1).
The reason for nitrite accumulation during ni-
trification could be the inhibition of nitrite oxida-
tion with compounds present in the landfill leachate
or some environmental conditions. High initial con-
centrations of ammonia nitrogen or nitrous acid in-
hibit nitrite oxidation.14 High free ammonia (FA)
concentrations inhibit not only nitrite oxidizing
bacteria but also ammonia oxidizing bacteria. FA
concentration is affected by wastewater pH and
temperature.14,15
Nitrite-oxidizing bacteria are sensitive to FA in
the range of 0.1 to 1.0 mg L–1, whereas ammo-
nia-oxidizing bacteria can tolerate FA in the range
of 10–150 mg L–1. As a result, nitrite or even am-
monium nitrogen can accumulate if the FA level in
a reactor is high.14,15 Concentration of FA in this in-
vestigation was calculated according to eq. (3).14
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 FA – mass concentration of free ammonia,
mg FA L–1
 NH N4 – mass concentration of ammonium
nitrogen, mg NH4+-N L–1
Fig. 3 shows that FA was gradually reduced
from 21.72 mg L–1 at the beginning of the experi-
ments (with its maximum value of 46.14 mg L–1 in
the first hour) to 0 mg L–1 during 10 hours of the
process.
Although a high FA concentration was present
during ammonium removal, ammonium oxidation
was performed at the same rate throughout the pro-
cess. Also, the nitrate production rate remained un-
affected.
Some researchers10,12,15,19 also observed nitrite
accumulation during landfill leachate nitrification,
while others11 reported no significant nitrite accu-
mulation. In these investigations, the reasons for
nitrite accumulation were: specific organic com-
pounds present in landfill leachate, FNA, FA, land-
fill leachate composition, low applied HRT, low
DO and biomass characteristics.
In the presented study for the determination of
nitrification rate, the mass concentrations of nitrate
and nitrite nitrogen (NOx–-N) accumulated during ni-
trification are summarized and presented in Fig. 4.
The nitrification rate was calculated according
to eq. (1) for the period when NOx–-N was linear
with time, and expressed as mg NOx–-N L–1 h–1.
The nitrification rate was 20.1 mg NOx–-N L–1 h–1
(Fig. 4).
Literature data about ammonium removal
rates from mature landfill leachate were 246
mg NH4+-N L–1 h–1, 102.8 mg NH4+-N L–1 h–1, 52–56
mg NH4+-N L–1 h–1, 20.1 mg NH4+-N L–1 h–1.10–12,19
These different values reported depend on landfill
leachate characteristics, biomass composition, bio-
mass adaptation, type of reactor, process parame-
ters, N/COD ratio.
In the control experiments (data not shown) 43 %
of ammonium nitrogen was lost in 24 hours. There
was no nitrite or nitrate accumulation, which is clear
evidence that ammonium nitrogen was probably
air-stripped. During the experiment, pH increased
from 8.24 to 9.24. There was no COD removal. That
is in agreement with literature data, which reports
that by aeration-air stripping (of mature landfill
leachate with initial 140 mg NH4+-N L–1) 44 % of
NH4+-N was reduced after 24 hours of the process, at a
temperature of 20 °C and initial pH value of 7.3–7.5,
which increased to 9.2 during aeration. Also, ammo-
nia stripping did not begin until pH reached 9.3
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F i g . 3 – Free ammonia (FA) profile during nitrification
F i g . 4 – Variations of nitrogen oxides (NOx
–-N is expressed





The investigated landfill leachate had a low
COD/N ratio (1.5–1.9) which was why it was an in-
appropriate source of organic compounds for the
process of denitrification. The low COD/N ratio is a
characteristic of a mature leachate.1,6,9 The COD in
mature landfill leachate was almost non-biodegrad-
able. Treating of leachate characterized by a low
level of biodegradable organic compounds requires
a supplementary source of organic carbon to ensure
adequate denitrification.
In our experiments, denitrification of nitrified
landfill leachate was performed with the addition of
sodium acetate as an external carbon source. So-
dium acetate dosage per nitrate mass concentration
at the beginning of denitrification was 4.95 and
9.9 mg COD per mg NO3–-N or expressed as
C/N ratio 2 and 4, respectively (Fig. 5).
Denitrification of the landfill leachate was de-
scribed as a zero-order chemical reaction10–12,19 and
was expressed as dependent on the nitrate nitrogen
concentration versus time according to eq. (4).
qNO3-N = – dNO3-N/dt = – kD (4)
Where:
qNO3-N – denitrification rate, mg NO3
–-N L–1 h–1
kD – denitrification rate constant,
mg NO3–-N L–1 h–1
NO3-N – nitrate nitrogen mass concentrations
after time t, mg NO3–-N L–1
t – time, h
The efficiency of the denitrification process










E – efficiency of the process, %
0 – mass concentration of compound at the
beginning of the process, mg L–1
t – mass concentration of compound at the
end of the process, mg L–1
Sodium acetate in dosage of 4.95 mg COD mg–1
NO3–-N (C/N 2) was sufficient for only 62 % of
denitrification with remained NO3–-N in concen-
tration of 30.2 mg L–1 (Fig. 5). Denitrification with
the addition of sodium acetate at C/N ratio of 4
(9.9 mg COD mg–1 NO3–-N) was performed for
10 hours with no nitrate or nitrite detected at the end
of the experiment (Fig. 5). The COD remaining after
denitrification processes represents COD from land-
fill leachate (non-biodegradable COD). The nitrate
reduction rate of 8.3 mg NO3–-N L–1 h–1 was
achieved with C/N ratio of 4 (9.9 mg COD mg–1
NO3–-N). During the denitrification process, total ni-
trogen decreased simultaneously with nitrate reduc-
tion until biodegradable COD was available (Fig. 5).
Denitrification rates obtained from the litera-
ture10,19 were 16.25 mg N L–1 h–1 and 54 mg N L–1 h–1
by using sodium acetate as carbon source.
During denitrification of landfill leachate, nitrite
accumulation was frequently observed.2,10,12,17–19 In
this research, nitrite accumulation was insignificant.
Nitrite concentrations were below 2 mg L–1 during
denitrification and 0 mg L–1 at the end of experi-
ment (Fig. 5).
The literature data reported that nitrate reduction,
and nitrite production and reduction during de-
nitrification depend on the dosage of COD per mg
NO3–-N.2,12,18,20 Different data are available from liter-
ature about COD/N ratio required for denitrification
of nitrified landfill leachate. According to some
authors, the COD/NO3–-N ratio for complete nitrate
reduction in nitrified landfill leachate denitrification,
corresponds to 4.9, 5.9 and 7.14.10,16,19
In our research, the dosage of sodium acetate
was higher than reported in literature. This is not
surprising because denitrification not only depends
on carbon source used but also on species composi-
tion, nitrite and environmental parameters.2 In our
investigation a denitrification profile is a character-
istic of culture composition and their origin from
landfill leachate where the microorganisms were
continuously exposed to landfill leachate composi-
tion, which probably ensured adequate microbial
species composition. Also, other authors reported
about community composition as an important fac-
tor for the stability of the landfill leachate treatment
process.2,4,10–13,20
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F i g . 5 – Variations of chemical oxygen demand (COD), ni-
trate nitrogen (NO3
–-N) and nitrite nitrogen (NO2
–-N) during
denitrification with sodium acetate in C/N ratio 2 and 4
Conclusions
The microbial culture originating from leachate
has shown ability and activity for processes of ni-
trification and denitrification of mature landfill
leachate. The ammonium oxidation rate was
24.5 mg NH4+-N L–1 h–1. During nitrification, nitrate
and nitrite were accumulated (nitrite accumulation
rate was 5.6 mg NO2–-N L–1 h–1 and nitrate accumu-
lation rate was 14.4 mg NO3–-N L–1 h–1). During ex-
tended aeration, the nitrite completely oxidized into
nitrate. The nitrification rate expressed as the sum
of mass concentrations of nitrate and nitrite nitro-
gen was 20.1 mg NOx–-N L–1 h–1. COD in landfill
leachate was non-biodegradable. Denitrification
was studied with the addition of sodium acetate as a
carbon source at COD/N ratio 4.95 and 9.9 mg COD
per mg NO3–-N. Complete denitrification was perfor-
med at COD/N ratio of 9.9 mg COD per mg NO3–-N
with denitrification rate of 8.3 mg NO3–-N L–1 h–1.
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L i s t o f a b b r e v i a t i o n s a n d s y m b o l s
BTEX  Benzene, Toluene, Xylene, mg L–1
BOD  Biochemical Oxygen Demand, mg L–1
COD  Chemical Oxygen Demand, mg L–1
DO  Dissolved Oxygen, mg L–1
FA  Free Ammonia, mg L–1
FNA  Free Nitrous Acid, mg L–1
HRT  Hydraulic Retention Time, days
NH4
+-N Ammonium nitrogen, mg L–1
NH3  Ammonia, mg L
–1
NO3
–-N Nitrate nitrogen, mg L–1
NO2
–-N Nitrite nitrogen, mg L–1
N-tot  Total nitrogen, mg L–1
PO4-P  Phosphorous orthophosphate, mg L
–1
PAH  Polycyclic Aromatic Hydrocarbons, mg L–1
PCB  Polychlorinated biphenyls, mg L–1
TOC  Total Organic Carbon, mg L–1
XOCs  Xenobiotic Organic Compounds, mg L–1
qN  ammonium nitrogen removal rate or nitrification
rate, mg NH4
+-N L–1h–1, mg NO3
–-N L–1 h–1
qNO3-N  denitrification rate, mg NO3
–-N L–1 h–1
N  mass concentration of ammonium nitrogen or




FA  mass concentration of free ammonia, mg FA L
–1
NH4-N  mass concentration of ammonium nitrogen,
mg NH4
+-N L–1
NO3-N  nitrate nitrogen mass concentrations after time
t, mg NO3
–-N L–1
0,N  initial mass concentration of ammonium nitrogen or
nitrate nitrogen, mg NH4
+-N L–1, mg NO3
–-N L–1
NOx–N  sum of nitrite and nitrate nitrogen mass con-
centrations after time t, mg NOx
–-N L–1
kN  ammonium nitrogen removal rate constant or




kD  denitrification rate constant, mg NOx
–-N L–1 h–1
t  time, h
  temperature, °C
E  process efficiency, %
0  mass concentration of compound at the begin-
ning of the process, mg L–1
t  mass concentration of compound at the end of
the process, mg L–1
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